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CONTROL SYSTEM DEVELOPMENT AND RESPONSE ANALYSIS  
OF AN ELECTRONICALLY ACTUATED VARIABLE-ORIFICE  
NOZZLE FOR AGRICULTURAL PESTICIDE APPLICATIONS 
J. D. Luck,  S. A. Shearer,  M. P. Sama,  S. K. Pitla 
ABSTRACT. The goal of this research project was to further the development of an electromechanically controlled varia-
ble-orifice nozzle by creating an electronic control system and then evaluating that system based on step and ramp inputs. 
The control system was developed in a programming environment that combined an electronic data acquisition system 
and actuator with pressure and flow sensors. A proportional, variable-gain (based on system pressure) control system was 
developed to adjust nozzle flow rates to meet target application rates. The constraints were to achieve settling time of less 
than 1.0 s, overshoot of less than 10% of maximum flow (or minimum flow), and average absolute steady-state error of 
less than 2%. After several trials, the resulting control system achieved these objectives for full steps from maximum and 
minimum flow rates (and vice versa) at carrier pressures from 140 to 410 kPa. Ramp response analyses revealed the max-
imum flow rate change (mL s-2) of the nozzle control system. Operation was considered successful if the average absolute 
error was less than 5% and the average absolute error +2σ did not exceed 10% of the desired flow, thereby ensuring that 
the nozzle operated within specifications 95% of the time. An additional goal was to maintain nozzle response lag times of 
less than 1.0 s based on input rate changes in the form of ramp signal input frequencies. Lag times were found to be less 
than 0.5 s (±0.05 s) over the carrier pressure range at input frequencies of up to 0.2 Hz. Further, these results indicated 
that for each carrier pressure, a maximum rate change frequency of 0.07 Hz ensured that system errors were within the 
design requirements. Lag times at this frequency were less than 0.38 s for all carrier pressures tested. The range of rate 
change achieved by the nozzle control system ranged from 2.97 to 6.39 mL s-2 for carrier pressures of 140 to 414 kPa, 
respectively. Thus, as operating pressure increased, the nozzle was capable of compensating for greater changes in the 
desired flow rate. While the turndown ratios (~2.4:1) over the range of carrier pressures were essentially stable, flow 
rates increased with carrier pressure. 
Keywords. Pesticide efficacy, Precision agriculture, Spraying equipment, Variable-rate application. 
esearch and development of advanced technolo-
gies for application systems continues at a rapid 
pace. Systems for controlling liquid application 
systems (e.g., for pesticides or fertilizer) have 
recently been focused on as manufacturers seek to improve 
application accuracy while reducing the effects of spray 
drift moving products off-target. Pulse-width modulation 
(PWM) is one such technology that has been studied as a 
potential option for variable-rate application. To vary 
chemical application rates using PWM, electric solenoid 
valves are placed upstream of boom section valves or noz-
zles. The solenoid valves are then pulsed on and off at a 
desired frequency. The input signal to the solenoid valve is 
typically a square wave with a duty cycle from 0% to 
100%, the latter representing the valve in the fully open 
position. Flow through the nozzle can be varied by adjust-
ing the duty cycle and/or the operating frequency of the 
solenoid valve. Development and assessment of the viabil-
ity of such nozzle control systems has received some atten-
tion in recent decades (Giles and Comino, 1990). Giles et 
al. (1995) studied the effects on droplet sizes from fan noz-
zles that used PWM control. 
Further study into the effects of PWM control on hy-
draulic atomizers indicated that a 10:1 flow rate reduction 
was possible at fixed carrier pressures (Giles, 1997). Gopa-
laPillai et al. (1999) evaluated PWM flow control on a noz-
zle for site-specific application and found that the droplet 
spectra were fairly consistent for duty cycles from 50% to 
100%; however, droplet sizes were significantly different 
for duty cycles around 10%. Study results concluded that 
the spray pattern was preserved within acceptable limits 
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with changes in the nozzle control valve duty cycle. 
Han et al. (2001) modified a commercial sprayer using 
PWM solenoid control to affect variable-rate control of the 
spray material. Results indicated that the flow rate response 
of the valves to the PWM signals created noticeable volu-
metric errors. Flow rate control errors for the valves ranged 
from -15% to 12% when using a single flow rate calibration 
curve. Pierce and Ayers (2001) studied the effects of PWM 
control on spray deposition and application accuracy. The 
system flow rates responded well to control with PWM 
(4% error from theoretical), while the CV of the spray pat-
tern in the direction of travel ranged from 10% to 65%. 
Efficacy variation was less noticeable after pre-emergence 
treatments; however, weed control varied from 65% to 
100% during post-emergence treatments. 
More recently, Lebeau et al. (2004) proposed the devel-
opment of a controller to compensate for the effects of hor-
izontal boom movements with the use of individual PWM 
single-nozzle control in mind. Results indicated that the 
idea was feasible based on tests conducted with one nozzle 
using PWM flow control when these results were extrapo-
lated across the boom width. Similarly, Shahemabadi and 
Moayed (2008) proposed a system for controlling individu-
al spray nozzles using PWM for solenoid valves added to a 
commercial sprayer. Results indicated that the pressure 
controller was not capable of maintaining adequate pres-
sure across the boom due to fluctuations induced by PWM 
of the valves. The study concluded that additional control 
of the manifold for total boom flow rate could improve the 
performance of the proposed system. To date, only two 
commercially available system are being marketed that use 
PWM to affect variable-rate pesticide application. The Pin-
Point and SharpShooter systems available from Capstan Ag 
Systems, Inc., use PWM solenoids to act as pre-orifices to 
control discharge from the nozzles (Capstan, 2011). A sec-
ond system has recently become available: the Hawkeye 
system from Raven Industries. A recent study by Porter et 
al. (2013) indicated that this control system could maintain 
errors within ±10% for the various turning scenarios tested. 
Variable flow rate options for nozzle discharge using 
PWM solenoid valves have been discussed above. Other 
methods for varying nozzle flow rate studied in the past 
include bypass spray nozzle valves (Han et al., 1986), swirl 
nozzles with varying inlet openings (Koo and Kuhlman, 
1993), and pinch valves ahead of the nozzle (Kunavut et 
al., 2000). Within the last few years, a new concept for var-
iable-rate technology has emerged in the form of a variable 
orifice design. This technology achieves variable-rate ap-
plication by modifying the size and shape of the orifice. 
The development of this technology began in the late 1990s 
by Bui (1997), who tested a variable-orifice nozzle and 
found that flow rates and droplet spectra could both be var-
ied. Womac (2001) evaluated the atomization characteris-
tics of variable-orifice flood nozzles. These nozzles re-
quired external adjustment to change the orifice diameter, 
which would not be feasible with current technology for 
on-the-go modification during field application. 
Design and testing of a variable-flow fan nozzle was 
conducted by Womac and Bui (2002). This design used a 
split-end metering plunger controlled by spring force in a 
tapered sleeve above the nozzle orifice cavity. As liquid 
pressure in the nozzle increased, the diaphragm applied 
force to the spring, which increased the orifice size by 
moving the plunger farther out of the sleeve. As liquid 
pressure decreased, the spring forced the plunger farther 
into the sleeve, thereby decreasing the orifice size. Test 
results indicated that turndown ratios on the order of 13:1 
were possible with this new design. Overall, the reaction of 
the system (spring force to liquid pressure) made it possible 
to control the liquid flow rate through the nozzle as well as 
the droplet size spectra. 
A similar system was developed and tested by Bui 
(2005) that used spring force to move a metering plunger in 
and out of an orifice. In addition to the system previously 
discussed (Womac and Bui, 2002), the VariTarget (VT) 
nozzle included a method of adjusting the shape of the noz-
zle orifice as the metering plunger moved in and out of the 
sleeve (Bui, 2005). Testing of this nozzle indicated that as 
liquid pressure varied from 104 to 345 kPa, VT nozzle flow 
rates ranged from 0.57 to 3 L min-1. The spray angle and 
distribution of material were found to be consistent over the 
flow rate ranges, while the response time of the spring 
force to changes in liquid pressure was less than 0.25 s. 
While the system developed by Bui (2005) advanced the 
capacity of droplet size control with variable-orifice noz-
zles, the system was still reactive in nature, as the spring 
force on the metering plunger reacted to changes in pres-
sure to control the flow rate, spray deposition pattern, and 
droplet size distribution. 
Daggupati (2007) conducted a study of the various VT 
nozzles (differing caps for fine, medium, coarse, or very 
coarse droplet sizes) and determined that the nozzles had 
turndown ratios of up to 12:1. Spray pattern angle testing 
indicated that pressures below 207 kPa may lead to a reduc-
tion in the spray angle (110° target). Further tests on the 
VT nozzle indicated that flow rates could be maintained 
with a CV of less than 10% across the spray boom, with the 
optimal performance occurring at a carrier pressure of 
276 kPa and above (Dilawari et al., 2008). These studies 
suggest that it might be possible to achieve variable-rate 
application by changing system pressure (or flow rate) us-
ing the original VT nozzle configuration. However, as pre-
viously discussed, controlling system pressure can be diffi-
cult as spray rate controllers attempt to compensate for 
ground speed changes or boom section actuation. 
To create an active control method for the VT nozzle, 
Luck et al. (2010) modified the existing VT nozzle (green 
cap) by essentially replacing the spring force with air pres-
sure, which was varied using an electro-pneumatic valve. 
Tests were conducted using constant liquid carrier pressure 
(70 to 280 kPa) while the air pressure on the diaphragm 
was varied to adjust the position of the metering plunger. 
Results indicated that flow rates ranged from 0.8 L min-1 
(70 kPa carrier pressure at maximum air pressure) to 6.8 L 
min-1 (276 kPa carrier pressure at minimum air pressure). 
These tests demonstrated that by maintaining the carrier 
pressure while varying the orifice size and shape, it was 
possible to achieve a wide variation of flow rates from such 
a nozzle configuration. 
While several advances in application control technolo-
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gies have been made in recent years, room for additional 
growth and the need for emerging technologies are evident. 
The overall goal of this research was to develop and evalu-
ate the response characteristics of a new pesticide applica-
tion delivery system consisting of an actively actuated (di-
rect-operated electromechanical) variable-orifice nozzle for 
controlling carrier flow rate using a constant-pressure sys-
tem. Specific objectives were to (1) create an electronic 
control system for managing nozzle flow rates based on 
step and ramp input commands and (2) evaluate the ability 
of the control system to successfully respond to those in-
puts based on acceptable errors demonstrated from previ-
ous researchers (e.g., maximum error and lag times). 
MATERIALS AND METHODS 
NOZZLE MODIFICATION AND INSTRUMENTATION 
The VT variable-orifice nozzle (VariTarget, Delavan 
AgSpray Products, Mendota Heights, Minn.) with green 
cap (for very coarse droplets) was selected for use in this 
study. According to manufacturer data, the VT nozzle with 
green cap can be used to deliver application rates of around 
95 L ha-1 (very coarse droplets) at typical pressures and 
velocities used for many self-propelled sprayers (Delavan, 
2011). The spring housing assembly was removed from the 
original VT nozzle and replaced with an assembly ma-
chined to attach the metering stem and diaphragm to an 
electric linear actuator. To accomplish this, the metering 
stem was drilled and tapped so that the diaphragm could be 
tightly sealed on top of the metering stem. The metering 
stem was forced downward to decrease orifice size and 
reduce the nozzle flow rate, which was similar in operation 
to the original VT nozzle. As the metering stem was re-
tracted (upward), the orifice size increased to allow higher 
nozzle discharge rates. The VT nozzle was attached to a 
single nozzle body (22251-311-750-NYB, TeeJet Technol-
ogies, Wheaton, Ill.) with 19 mm i.d. hose connecting the 
system components. The components necessary for adapt-
ing the VT nozzle for electronic actuation are shown in 
figure 1. Detailed CAD drawings of the modified compo-
nents can be found in Luck (2012). 
Carrier was supplied by a smooth-flow helical rotor 
pump (101B, Oberdorfer Pumps, Syracuse, N.Y.) driven by 
a 0.56 kW 115 VAC motor operating at 1725 rpm. Carrier 
pressure was controlled with a pressure regulating (PR) 
valve (model 23120, TeeJet Technologies, Wheaton, Ill.). 
Carrier pressure was constantly monitored using a calibrat-
ed pressure transducer (PX309-100G5V, Omegadyne, Inc., 
Sunbury, Ohio) that was powered via a 12 VDC input and 
provided a 0 to 5 VDC output signal proportional to the 
system pressure. System flow rate was monitored using an 
electromagnetic flowmeter with a digital display (FMG202-
NPT, Omega Engineering, Inc., Stamford, Conn.). An 80-
mesh inline filter (39908-1, Delavan AgSpray Products, 
Mendota Heights, Minn.) was placed in the circuit between 
the reservoir and pump. A diagram of the system is shown 
in figure 2. 
A linear actuator (NA14B16, Zaber Technologies, Inc., 
Vancouver, B.C., Canada) was selected to control the me-
tering stem position for the modified VT nozzle. Actuator 
displacement and force (Zaber, 2015) required were esti-
 
Figure 2. System schematic for variable-orifice nozzle response testing. 
 
Figure 1. Components (left) of adapted VT nozzle used for testing; the extension rod is threaded into the full assembly and then attached to the 
original VT nozzle housing for actuation (right). 
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mated from previous work by Luck et al. (2010) in which 
air pressure controlled the metering stem. The end of the 
actuating rod was threaded into the metering stem. A step-
per-motor controller (STP100, Pontech, Rancho Cucamon-
ga, Cal.) was used to control the linear actuator position via 
the computer serial port and was provided with 7 VDC 
from an external power supply. Actuator extension and 
retraction were directly proportional to the number of mo-
tor steps (MS), with a minimum time of 0.675 s required 
for the actuator to travel 400 motor steps. Operational setup 
of the stepper-motor controller included a step delay of 800 
μs with power constantly supplied to the motor coils during 
operation per manufacturer specifications (Pontech, 1997). 
The nozzle was controlled using a custom software inter-
face that was written in Microsoft Visual Studio 2010. The 
software provided manual control of the linear actuator 
whereby the desired metering stem position (in MS) was 
entered into the user interface. In addition, the control pro-
gram provided an option for automatic mode to reposition 
the linear actuator (up to 15 Hz) based on a selected exter-
nal input (function generator). 
Data acquisition was accomplished using a USB-based 
analog and digital I/O module (USB-1408FS, Measurement 
Computing, Inc., Norton, Mass.) connected to a desktop 
computer. The data acquisition module was used to record 
voltage output from the pressure transducer and the flow-
meter. In addition, the module recorded voltage output 
from a function generator (8116A pulse/function generator 
50 MHz, Hewlett Packard, Palo Alto, Cal.) used during 
frequency and ramp response testing. The module operated 
in four-channel differential mode (MicroDAQ, 2011) to 
record the desired data, as shown in figure 3. 
CLOSED-LOOP TEST PROCEDURES AND ANALYSIS 
Step Response Analysis 
The system was tested at carrier pressures of 138, 207, 
276, 345, and 414 kPa. The desired initial test flow rate 
(Qin) was set at minimum (Qmin) and maximum (Qmax) to 
allow the metering stem to be positioned between 400 and 
800 MS. Values of Qmin and Qmax are summarized in table 1 
for the five operating pressures. Two test flow rate values 
of 1.21 and 2.95 L min-1 (Qmin and Qmax at 207 kPa, respec-
tively) were entered into the user interface after the pro-
gram was set for automatic mode. Qin represented a set 
point for the nozzle controller to achieve by adjusting the 
metering stem position for conducting a step response anal-
ysis. As previously discussed, feedback consisted of the 
actual flow rate values (analog output) from the flowmeter, 
which updated at a rate of 15 Hz. The flow rate error was 
calculated by differencing Qin and the actual flow rate (Qo) 
values. The control program operated by using a propor-
tional gain to adjust the metering stem position (from 400 
to 800 MS) based on the flow rate error. The closed-loop 
proportional gain (K) was varied from 50 to 1000 to deter-
mine values of K for which the system response changed 
from overdamped to underdamped. 
During each test, Qin was set (e.g., at Qmin) and the sys-
tem was allowed 5 to 10 s to stabilize. Then Qin was 
changed to Qmax and another 5 to 10 s passed. This process 
was repeated at least five times for each K value tested. 
During these periods, the time, Qin, Qo, and system pressure 
were recorded by the control program. At the end of each 
test, these data were exported into a text file for later analy-
sis. It should be noted that as a safety precaution, the opera-
tional range of the metering stem in automatic mode was 
limited to 400 to 800 MS. This was achieved via the control 
program to maintain flow rates within the linear operating 
range of the nozzle, as reported by Luck et al. (2015), and 
to protect the nozzle from damage from overextension of 
the metering stem (above 800 MS). 
Closed-loop step response analyses generally followed 
the steps outlined by Nise (2008). The desired and actual 
flow rate values were plotted versus time for each value of 
K tested. Parameters that were determined from these plots 
included settling time (ts), rise time (tr), peak time (tp), and 
overshoot (OS). The goal of this portion of the study was to 
determine if a second-order transfer function (G(s) in eq. 1) 
for the system could be found. MATLAB was used to sim-
ulate the transfer function response to see if the system 
could be modeled. The general form of the second-order 
equation is given as: 
 ( ) 222
2
2 nn
n
ss
sG
ω+ζω+
ω
=  (1) 
where ωn is the natural frequency, and ζ is the damping 
ratio. 
The parameters ωn and ζ represent the transient response 
characteristics of the second-order system and can be esti-
mated from equations 2 and 3 for known values of ts, tr, and 
tp, as discussed by Nise (2008): 
 
21 ζ−ω
π
=
n
pt  (2) 
Figure 3. Schematic of circuit to integrate data acquisition module for
data collection and nozzle operation. 
Table 1. Qmin and Qmax settings for closed-loop step response tests. 
Pressure 
(kPa) 
Qmin 
(L min-1) 
Qmax 
(L min-1) 
138 0.95 2.27 
207 1.21 2.95 
276 1.48 3.56 
345 1.78 4.32 
414 2.08 5.00 
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n
st ζω=
4  (3) 
For an overdamped system, values of tp do not exist, as 
there is no OS observed in the system response. The meth-
od for estimating tr was from Dorf and Bishop (2008): 
 
n
rt
ω
+ζ
=
60.016.2  (4) 
The parameters ωn and ζ were therefore estimated by 
simultaneously solving two of these equations (eqs. 2, 3, 
and 4). The locations of the system poles (s1,2) could then 
be calculated using equation 5: 
 122,1 −ζω±ζω−= nns  (5) 
A block diagram identifying the general operation of the 
closed-loop system is shown in figure 4. 
Ultimately, nozzle response characteristics chosen for 
system evaluation included the ts, OS, and steady-state error 
(ess) of the system. The goal was to find a control system 
(proportional control of gain K) that would result in a fast 
response time with low ess to minimize off-rate pesticide 
application. While response characteristics including ts and 
ess are typically evaluated based on the desired set point 
±2% for control systems analyses, sprayer control systems 
have not typically been designed to meet such constraints. 
Based on previous studies for nozzle development by Han 
et al. (1986) and sprayer control system evaluation by Reitz 
et al. (1997), ts was calculated for values of Qo upon reach-
ing ±5% of Qin. After the ts had been achieved, the absolute 
difference between Qo values and Qin were averaged 
(up until the next step input) to determine the value of ess. 
Values of ts were calculated as the time when Qin was set 
until values of Qo reached and were maintained at Qin ±5%. 
The system OS in each situation was to be maintained less 
than 10% of Qin. 
Ramp Response Analysis 
The closed-loop ramp response analysis followed proce-
dures similar to the step response analysis previously dis-
cussed. Using the proportional K control system developed 
from the closed-loop step response analysis, the system was 
tested at carrier pressures of 138, 207, 276, 345, and 
414 kPa. The function generator was used to provide 0 to 
5 VDC as a ramp input to the module. The control program 
scaled the input from the function generator into the availa-
ble output range for the nozzle with 0 to 5 VDC (0 to 
16383 A/D counts from the DAQ board) corresponding to 
values of Qmin and Qmax in table 1, respectively, using equa-
tion 6 to calculate Qin: 
 ( ) ( ) minminmaxin QQQQ +×−= 16383
counts A/D
 (6) 
The function generator output was recorded at 15 Hz, 
and the control program was set to automatic mode such 
that the function generator output represented Qin. The 
function generator produced frequencies ranging from 0.02 
to 0.2 Hz to provide a ramp input to the system. During 
each test, the time, Qin, and Qo were recorded into a text 
file. These data were then imported into Microsoft Excel to 
conduct the analysis. During the tests, it was noticed that 
periodically (~25 s) the current output from the flowmeter 
dropped to 0 mA for approximately 1 s. Interaction with 
manufacturer engineers and technicians failed to resolve 
this issue. The only recourse was to eliminate these periods 
from the ramp response analysis for calculating lag times 
and the error between Qin and Qo. 
The time lag for Qo to achieve Qin was also estimated by 
calculating the absolute error between the two and calculat-
ing the sum of the squared errors (SSE). The Qo values 
were shifted by one sampling period (0.067 s), and the SSE 
was calculated again. This process was repeated until the 
minimum SSE was found for each dataset. While this was a 
straightforward process for determining nozzle lag time, the 
estimate could vary ±0.034 s. 
In most cases, nozzle response evaluations end at the es-
timation of lag time. However, the error analyses proceeded 
by seeking to evaluate the magnitude of the error in addi-
tion to any lag time. The absolute error between Qin and Qo 
was also calculated at each data point to determine the 
magnitude of the error between the desired and actual flow 
rates. The average of the absolute error was calculated for 
each input frequency from 10% to 90% of Qin. 
The goal was to determine the maximum frequency at 
which the control system could compensate for changes in 
the desired flow rate based on two constraints: the average 
absolute error should not exceed 5% over the course of one 
cycle, and the average absolute error plus two standard 
deviations (σ) should not exceed 10% of Qin. This ensured 
that the nozzle would operate within specifications at least 
95% of the time, allowing some room for any errors during 
data acquisition. The average absolute change in Qin (ΔQin) 
was also calculated for each ramp input frequency to de-
termine the maximum rate at which the nozzle would re-
spond within the desired specifications. 
RESULTS AND DISCUSSION 
STEP RESPONSE ANALYSIS 
An example of the preliminary closed-loop step re-
sponse data is shown in figure 5. The data were collected at 
a carrier pressure of 207 kPa with K equal to 100. These 
 
Figure 4. Generalized block diagram of nozzle control system. 
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data represent two steps: one from Qmin to Qmax at 7.5 s, and 
from Qmax to Qmin at 11 s. Because the system response ap-
peared to be overdamped, tp could not be used to estimate 
values of ωn and ζ; however, ts and tr were identifiable 
from the data contained in figure 5. Average values of ts 
and tr were calculated as 0.91 and 0.55 s, respectively. 
Equations 3 and 4 were solved simultaneously with these 
values for ts and tr, which produced estimates for ωn and ζ 
of 5.0 and 1.0, respectively. The preliminary closed-loop 
analysis also yielded other important information regarding 
system performance by estimating the value of ζ at 1.0. 
This implied that for a K of 100, the system was critically 
damped, which reinforced the visual inspection of the data 
contained in figure 5. The steady-state response of the sys-
tem appeared to stay within the range of ±2% of the Qmax 
and Qmin values used during the test, as shown in figure 6. 
The average ess during this test was 0.47% of Qmax and 
0.87% of Qmin. 
Based on control systems theory, decreasing the value of 
K would lead the closed loop system to be more highly 
overdamped, an example of which can be seen in figure 6. 
Here, K was decreased from 100 to 50 with the system oper-
ating pressure at 207 kPa. The delayed response is evident in 
comparison to figure 5; the value of ts (>3 s) for a K value of 
50 was much higher than ts for K of 100 (<1 s) with no sys-
tem OS noticed. Conversely, if K were to be increased above 
100, the system would likely begin to exhibit an under-
damped response characterized by overshoot. An example of 
this response can be seen in figure 7, where K was increased 
to 500 with the operating pressure at 207 kPa. Here, the sys-
tem response continued to oscillate around the value of Qin 
and did not completely settle during the test run. 
 
Figure 6. Flow rate versus time for closed-loop step response (207 kPa, K = 50). 
 
Figure 5. Flow rate versus time for closed-loop step response (207 kPa, K = 100). 
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Simulations were conducted in MATLAB (step func-
tion) and revealed that the system should be stable at K 
values greater than 10,000. However, the data shown in 
figure 7 clearly indicate that the system became unstable as 
K was increased above 500. Comparisons of the actual sys-
tem response with the simulation data revealed two features 
of the test data that may explain why the simulations were 
inaccurate. First, for a specific K value, the system response 
varied between test pressures. For example, at 137 kPa, 
setting K equal to 100 resulted in a nearly critically damped 
system response. At 414 kPa, the same K setting resulted in 
an underdamped response with an OS greater than 10%. 
This was likely due to the relationship between pressure 
and flow being nonlinear for nozzles. Second, it was noted 
that the system response was not necessarily the same as 
the metering stem was extending or retracting for a specific 
K. This hysteresis effect may be attributed to stiction or 
forces acting on the metering stem inside the nozzle from 
the carrier pressures. Carrier pressures generate opposing 
forces against the metering stem (and diaphragm) during 
extension, while these forces act in the direction of travel 
during metering stem retraction. Equations were developed 
to calculate K based on pressure for metering stem retrac-
tion (Kret) or extension (Kext). While efforts to model the 
system as a simple second-order system did not adequately 
predict changes, further work in this area could help opti-
mize the system performance. While not a specific objec-
tive of this particular study, modeling would allow for im-
proving predictive capacity of changes within the system 
and should be considered in the future. 
The decision was made to empirically develop a propor-
tional nozzle control system with variable K based on the 
data collected for the five test pressures and values of K 
ranging from 50 to 1000. As previously discussed, one de-
sired operational characteristic was to minimize the ts of the 
response (±5% of Qin). Achieving a ts of less than 0.675 s 
for a full step would be difficult because of the actuator 
speed limit (400 to 800 MS in 0.675 s). Therefore, the goal 
was to maintain ts values below 1 s for a step change from 
Qmin to Qmax and vice versa. Realizing that a critically 
damped system would not react as quickly as an under-
damped system, the decision was made to allow system OS 
below 10% with ess not exceeding 2% of Qin. 
Visual inspection of the data collected from 138 to 
414 kPa with K ranging from 50 to 1000 indicated that the 
relationship between K and system pressure (P) was not 
necessarily linear. This was verified by plotting approxi-
mate values for K versus P (138 to 414 kPa) that resulted in 
a critically damped system response from the initial data 
collected (fig. 8). A polynomial regression equation was fit 
to the data to estimate a value for Kret and Kext based on the 
current system operating pressure. As previously discussed, 
a system response with some OS would be acceptable, as 
this would result in a reduced settling time compared to a 
critically damped system. Five trial runs were conducted 
using the expressions for Kret and Kext in the control pro-
gram. After each trial, adjustments were made to the equa-
tions for Kret and Kext to improve the system response for 
the system pressures tested with step inputs provided in 
table 1. Finally, a set of equations was developed to achieve 
the desired system response characteristics (ts < 1 s, OS < 
10%, and ess < 2%) for system pressures ranging from 138 
to 414 kPa. Formulas for calculating Kret and Kext are shown 
in equations 7 and 8, respectively: 
 Kret = 0.000253P2 − 0.341P + 172.8 (7) 
 Kext = 0.000595P2 − 0.535P + 188.8 (8) 
 
Figure 7. Flow rate versus time for closed-loop step response (207 kPa, K = 500). 
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The final closed-loop test trial was conducted using 
equations 7 and 8 with the step inputs in table 1. The anal-
yses to determine ts, OS, and ess were conducted separately 
for Qin settings between Qmin and Qmax to ensure that the 
control system would work properly regardless of actuator 
travel direction. System response characteristics for the five 
carrier pressures are summarized in tables 2 and 3 for Kret 
and Kext, respectively. 
The response characteristics were acceptable for the 
control system as the step input was changed from Qmin to 
Qmax (table 2). The ts values were less than 1 s, OS was be-
low 10% of Qmax, and ess was below 2% for all five test 
pressures. Some improvement could have been made for 
the nozzle at 276 kPa, which exhibited the least desirable 
response in the final trials. A slight decrease in the Kret val-
ue at this pressure (and subsequent recalculation of the 
equation for Kret) would likely solve this issue. However, 
the system response characteristics were still within the 
satisfactory range for these values; therefore, the results 
were considered acceptable. 
The system response characteristics for the step input 
change from Qmax to Qmin are summarized in table 3. Simi-
lar to the previous discussion, the ts values were less than 
1.0 s, OS was below 10% of Qmax, and ess was below 2% for 
all five test pressures using equation 8 for Kext. Values for ts 
were similar for all pressures, ranging between 0.75 and 
0.80 s. The system OS was less than 3.1% of Qmin, and ess 
was less than 2% for all test pressures, indicating that the 
system response characteristics were acceptable. 
An example test cycle for the variable K control system 
(eqs. 7 and 8) operated at a carrier pressure of 138 kPa is 
shown in figure 9. Similar test cycles were performed for 
the other four carrier pressure settings. In figure 9, it is pos-
sible to see the point at which the flow rate command (Qin) 
switched from Qmin to Qmax (or vice versa). Also included 
are the values of Qin ±5% (for determining ts) and ±10% 
(for calculating OS). For all tests, the system with Kret 
(Qin = Qmax) exhibited a noticeably underdamped response 
to the step input. When Qin was set to Qmin, the response 
was only slightly underdamped (OS > 1.7% in all cases). 
However, there were definitely less oscillations as the Qo 
settled after the step input. It is difficult to say whether one 
case would be better than the other, as both displayed ac-
ceptable response characteristics, specifically with regard 
to the similar ts and ess values in both situations. 
In the end, the variable K control system seemed to per-
form well in comparison to the response constraints placed 
on the system using proportional control. Integral control 
was deemed unnecessary because the ess values were not 
considered significant. This was likely due to the resolution 
available from the stepper motor (400 MS) for the limited 
flow rate ranges required. Derivative control was not con-
sidered because proportional control yielded ts values that 
were slightly greater than the time required for the actuator 
to complete a full step (0.675 s) and response times were 
satisfactory. 
RAMP RESPONSE ANALYSIS 
The ramp response tests were conducted to determine 
 
Figure 8. Values of proportional gain (K) plotted versus system pressure (P) that resulted in a critically damped system response. 
Table 2. Closed-loop system response with variable Kret control. 
Pressure 
(kPa) 
ts 
(s) 
OS 
(% Qmax) 
ess 
(% Qmax) 
Kret 
(avg.) 
138 0.63 2.6 1.0 130 
207 0.71 5.3 1.1 115 
276 0.96 7.2 1.5 98 
345 0.73 3.3 1.2 85 
414 0.74 2.5 1.2 76 
 
Table 3. Closed-loop system response with variable Kext control. 
Pressure 
(kPa) 
ts 
(s) 
OS 
(% Qmin) 
ess 
(% Qmin) 
Kext 
(avg.) 
138 0.75 2.4 0.83 125 
207 0.75 1.7 1.6 106 
276 0.79 2.3 1.1 85 
345 0.79 3.1 1.8 73 
414 0.8 2.1 1.3 70 
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how the variable K control system developed from the 
closed-loop step response tests would respond to a con-
stantly changing value of Qin, in this case a ramp input. The 
goal was to determine the maximum frequency or rate of 
change in the input at which the nozzle could operate and 
remain within the desired response characteristics. A sum-
mary of these values for the ramp response tests is shown 
in table 4. The data in table 4 demonstrate a direct relation-
ship between the input frequency and the average absolute 
error between Qin and Qo at all five carrier test pressures. 
The same relationship was seen with input frequency and 
 
 
the average absolute error +2σ. As previously discussed, 
the response was considered unacceptable if the average 
absolute error between Qin and Qo exceeded 5% or the av-
erage absolute error (+2σ) exceeded 10%. The maximum 
acceptable operating frequency was 0.07 Hz at each carrier 
pressure based on these specifications. 
Lag times for the nozzle response using the variable K 
control system were better than expected. At each operating 
frequency and carrier pressure, lag times did not exceed 
0.5 s (although the error in these measurements could have 
been as much as ±0.034 s, as previously discussed). At 
0.07 Hz, response lag times ranged from 0.250 to 0.377 s. 
When considering the previously mentioned lag time er-
rors, these results are more than acceptable, as lag times 
were less than 1.0 s. These results also show the potential 
for misrepresenting results of an analysis focused solely on 
evaluating lag time. As demonstrated by past studies (Sud-
duth et al., 1995; Rockwell and Ayers, 1996; Vondricka 
and Schulze Lammers, 2009), nozzle response lag times are 
often reported, while the cumulative error with the delay in 
achieving an acceptable application rate is rarely stated. 
The results in table 4 show that while the lag times may be 
considered acceptable, the error magnitude may not. 
Results of the ramp response tests also provided average 
ΔQin, a crucial piece of information related to the opera-
tional capabilities of the system. Values of ΔQin for the 
maximum acceptable operating frequency (0.07 Hz) ranged 
from 2.97 to 6.39 mL s-2 for pressures ranging from 138 to 
414 kPa, respectively. These data suggest limits for maxi-
mum application rate change that the nozzle control system 
was able to consistently handle. As expected, the control 
system was able to compensate for greater changes as oper-
ating pressure increased. 
The resulting sprayer acceleration values (table 5) were 
calculated based on the average ΔQin for each operating 
pressure at 0.07 Hz. As the operating pressure increased, 
the nozzle control system compensated for accelerations up 
Table 4. Closed-loop ramp response with variable K control. 
Pressure 
(kPa) 
Frequency 
(Hz) 
Average 
Absolute 
Error 
(%) 
Average 
Absolute 
Error +2σ 
(%) 
Lag 
Time 
±0.067 s 
(s) 
Average 
ΔQin 
(mL s-2) 
138 0.02 1.7 4.1 0.439 0.854 
 0.05 3.4 6.8 0.251 2.12 
 0.07 4.6 8.5 0.25 2.97 
 0.10 6.9 12.5 0.432 4.26 
 0.20 13.7 22.9 0.378 8.43 
207 0.02 1.6 3.7 0.301 1.08 
 0.05 3.4 6.1 0.373 2.69 
 0.07 4.8 8.5 0.31 3.77 
 0.10 7.4 13.1 0.437 5.40 
 0.20 16.2 45.3 0.496 10.7 
276 0.02 1.8 5.8 0.311 1.29 
 0.05 3.5 6.5 0.375 3.22 
 0.07 5.0 8.9 0.364 4.50 
 0.10 7.7 15.4 0.423 6.44 
 0.20 14.4 25.7 0.432 12.8 
345 0.02 1.7 3.9 0.372 1.60 
 0.05 4.0 9.1 0.373 3.98 
 0.07 4.9 9.0 0.377 5.56 
 0.10 7.7 16.0 0.378 7.96 
 0.20 14.4 25.0 0.431 15.8 
414 0.02 1.7 3.8 0.311 1.84 
 0.05 3.9 7.7 0.374 4.57 
 0.07 4.9 9.9 0.311 6.39 
 0.10 7.3 14.0 0.422 9.15 
 0.20 13.3 25.9 0.497 18.1 
 
Figure 9. Closed-loop step response with variable K control (138 kPa). 
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to 1.34 m s-1 for extended periods of time. It should be not-
ed that these values hold true for an application rate of 
93.5 L ha-1. Reducing the target rate would allow compen-
sation for greater acceleration. Alternately, increasing the 
target application rate would reduce the ability of the noz-
zle to compensate for acceleration. 
Based on the case study results published by Luck et al. 
(2011), the average sprayer acceleration presented was 0.4 m 
s-2, while 95% of the acceleration values ranged from 0 to 
1.75 m s-2. These findings suggest that the nozzle control 
system would meet performance specifications for average 
case study acceleration values for the example shown in ta-
ble 5. The system may not be able to compensate for extend-
ed periods of acceleration at peak values (nearing 1.75 m s-2). 
In general, an operating pressure would likely be chosen 
based on nozzle type and expected sprayer velocity. 
Figure 10 shows the ramp response tests for a carrier 
pressure of 138 kPa with an input frequency of 0.07 Hz. Qo 
tracked but did not exceed Qin ±10% for the duration of the 
tests, with an average absolute error of 4.6%. Figure 11 
shows a similar test at 138 kPa with a Qin frequency of 
Table 5. Maximum sprayer acceleration rates derived from ramp
response test results (0.51 m nozzle width at 93.5 L ha-1). 
Pressure 
(kPa) 
Average ΔQin 
(mL s-2) 
Acceleration 
(m s-2) 
138 2.97 0.625 
207 3.77 0.793 
276 4.50 0.946 
345 5.56 1.17 
414 6.39 1.34 
 
Figure 10. Ramp response of variable K nozzle control at 138 kPa and 0.07 Hz. 
 
 
Figure 11. Ramp response of variable K nozzle control at 138 kPa and 0.2 Hz. 
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0.2 Hz. In this situation, the magnitude of the error regularly 
exceeded 10% of Qin. In addition, the metering stem ap-
peared to be extending and retracting as Qin changed direc-
tion from Qmax to Qmin and vice versa. Figure 12 shows the 
ramp response at 345 kPa with Qin operating at 0.07 Hz. Mi-
nor disturbances in the system response were visible at 47 s; 
however, the nozzle was able to quickly respond to maintain 
appropriate flow rates (average absolute error was 4.9%). 
The sample data in these three figures illustrate the po-
tential problem associated with solely observing lag time to 
characterize system response. Not only should lag time be 
evaluated, but the magnitude of the error must also be de-
termined. When ignoring this problem, results such as those 
in figure 12 may be deemed acceptable when they may in 
fact be the cause of field application errors. 
CONCLUSIONS 
Laboratory tests were conducted to develop and evaluate 
an actively actuated (direct-operated electromechanical) 
variable-orifice nozzle for controlling carrier flow rate and 
preserving nozzle spray pattern and droplet size distribution 
for constant carrier pressures. The focus of this investiga-
tion was on development of automated controls and evalu-
ating their response to step and ramp changes in control 
commands. 
A variable gain (K) digital control approach was devel-
oped for the modified VT nozzle. The system K was contin-
ually calculated based on the system pressure, which ranged 
from 138 to 414 kPa. The control system was developed by 
analyzing the system step response. The goal was to achieve 
ts values less than 1.0 s, OS of less than 10% of Qmax (or 
Qmin), and average absolute ess of less than 2%. After several 
trials, the resulting control system achieved these objectives 
for full steps from Qmax to Qmin (and vice versa) at carrier 
pressures from 138 to 414 kPa. Ramp response analyses re-
vealed the maximum ΔQin (mL s-2) of the nozzle control sys-
tem. Tests were conducted at carrier pressures ranging from 
138 to 414 kPa and for ΔQin ranging from 0.02 to 0.2 Hz. 
Operation was considered successful if the average absolute 
error was less than 5% and the average absolute error +2σ 
did not exceed 10% of Qin, thereby ensuring that the nozzle 
operated within specifications 95% of the time. 
An additional goal was to maintain nozzle response lag 
times of less than 1.0 s. Lag times were found to be less than 
0.5 s (±0.05 s) over the carrier pressure range at input fre-
quencies of up to 0.2 Hz. Further, these results indicated that 
for each carrier pressure, a maximum ΔQin frequency of 0.07 
Hz ensured that system errors were within the design re-
quirements. Lag times at this frequency were less than 0.38 s 
for all carrier pressures tested. The range of ΔQin achieved by 
the nozzle control system ranged from 2.97 to 6.39 mL s-2 
for carrier pressures of 138 to 414 kPa, respectively. Thus, as 
operating pressure increased, the nozzle was capable of 
compensating for greater changes in the desired flow rate. 
An example scenario was chosen to illustrate that for a target 
rate of 93.5 L ha-1 (51 cm nozzle spacing), the system could 
compensate for sprayer accelerations of up to 1.34 m s-2 at a 
carrier pressure of 414 kPa. These results were somewhat 
intuitive in that the metering stem travel was the same at all 
carrier pressures. Therefore, the constant speed of the actua-
tor (i.e., metering stem) resulted in greater changes in nozzle 
flow rate at higher carrier pressures. While the turndown 
ratios (~2.4:1) over the range of carrier pressures were essen-
tially stable, flow rates increased with carrier pressure. 
While the variable K control system worked well for the 
current configuration of the VT nozzle (green cap), it 
should be noted that modifications to the system could re-
sult in the need to recalibrate the controller. For instance, 
the orifice size (four are currently available) may affect 
control system performance. Operating outside of the range 
of carrier pressures tested could adversely affect system 
 
Figure 12. Ramp response of variable K nozzle control at 345 kPa and 0.07 Hz. 
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response. This would be an unlikely occurrence, as the con-
trol system was developed for use in conjunction with a 
sprayer set up for constant carrier pressures. The range of 
carrier pressures tested in this study (138 to 414 kPa) cov-
ered the typical operating pressure range of the VT nozzle 
as reported by the manufacturer. 
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